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Abstract
NAD+ is both a co-enzyme for hydride transfer enzymes and a substrate of sirtuins and other NAD+ consuming enzymes.
NAD+ biosynthesis is required for two different regimens that extend lifespan in yeast. NAD+ is synthesized from tryptophan
and the three vitamin precursors of NAD+: nicotinic acid, nicotinamide and nicotinamide riboside. Supplementation of yeast
cells with NAD+ precursors increases intracellular NAD+ levels and extends replicative lifespan. Here we show that both
nicotinamide riboside and nicotinic acid are not only vitamins but are also exported metabolites. We found that the deletion
of the nicotinamide riboside transporter, Nrt1, leads to increased export of nicotinamide riboside. This discovery was
exploited to engineer a strain to produce high levels of extracellular nicotinamide riboside, which was recovered in purified
form. We further demonstrate that extracellular nicotinamide is readily converted to extracellular nicotinic acid in a manner
that requires intracellular nicotinamidase activity. Like nicotinamide riboside, export of nicotinic acid is elevated by the
deletion of the nicotinic acid transporter, Tna1. The data indicate that NAD+ metabolism has a critical extracellular element
in the yeast system and suggest that cells regulate intracellular NAD+ metabolism by balancing import and export of NAD+
precursor vitamins.
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NR has been shown to increase cellular NAD+ [12] and to protect
against neuronal axonopathy [13]. Because of the distinct
expression patterns of NR salvage enzymes and the lack of
flushing, there is the potential for NR to emerge as a vitamin
supplement and/or therapeutic agent with advantages over the
commonly used niacins, NA and Nam [14] if problems in
production can be overcome.
Nicotinic acid riboside (NAR) is an additional substrate of the
Nrk enzymes [15] and Urh1 [10] that can be utilized as an NAD+
precursor by yeast (Figure 1) [10,15]. However, efficient NAR
utilization requires an ester modification [10], suggesting that
NAR is an intracellular metabolite but not a vitamin that is
transported into cells [11]. Recently, we and others described
conditions in which yeast cells export NR [11,16] and we
developed a liquid chromatography-mass spectrometry (LC-MS)
assay of the yeast NAD+ metabolome [17], which showed that
Isn1 and Sdt1 function as NMN and nicotinic acid mononucleotide (NaMN) 59-nucleotideases that are responsible for production of the NR and NAR metabolites [16].
The mechanism and purpose of NR export are unknown. Here
we demonstrate and quantify that NR export is independent of
Nrt1, the high affinity NR transporter. We also show that an NR
non-salvaging and non-importing strain can be used to produce
NR as an inexpensive, extracellular product. We establish that,

Introduction
Nicotinic acid (NA), nicotinamide (Nam) and nicotinamide
riboside (NR) constitute the three salvageable NAD+ precursor
vitamins in yeast. NA is imported by the high affinity major
facilitator superfamily (MFS) transporter Tna1 (Figure 1) [1,2].
However, at concentrations above 1 mM NA, Tna1-independent
import is detectable [1]. NA is converted to NAD+ via the 3-step
Preiss-Handler pathway (Figure 1) [3,4]. Nam is converted to NA
by nicotinamidase, Pnc1 [5,6], for entry into Preiss-Handler
salvage. There is no known Nam transporter.
NR is imported by the high affinity MFS transporter, Nrt1 [7]
and converted into NAD+ via two distinct pathways. The first
pathway utilizes the NR kinase, Nrk1, to produce nicotinamide
mononucleotide (NMN), which is then converted into NAD+ [8].
The second pathway uses enzymes termed uridine hydrolase 1,
Urh1, and purine nucleoside phosphorylase, Pnp1 [9,10], to
cleave NR into Nam plus a ribosyl product for Nam salvage. Urh1
has a strong preference for hydrolysis of NR over uridine, such
that the term Urh1 is a misnomer [10].
In yeast, NR supplementation increases yeast NAD+ levels,
promotes Sir2-dependent gene silencing and extends replicative
lifespan [9]. Additionally replicative lifespan extension by calorie
restriction requires intact NR salvage [11]. In vertebrate systems,
PLoS ONE | www.plosone.org
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Figure 1. S. cerevisiae NAD+ Biosynthetic Pathways. The de novo biosynthetic pathway and salvage biosynthesis from nicotinic acid (NA) and
nicotinamide (Nam) converge at NaMN. De novo biosynthesis consists of six enzyme-mediated transformation of tryptophan to NaMN. Salvage
biosynthesis consists of a set of reactions from imported or salvaged NA, Nam or nicotinamide riboside (NR). NR is an unique precursor that can be
converted to NAD+ without Qns1, the glutamine-dependent NAD+ synthetase.
doi:10.1371/journal.pone.0019710.g001

An estimation of extracellular NR can be made by comparing the
growth of qns1 in conditioned media to the growth of qns1 in SDC
supplemented with known amounts of pure NR. Based on the qns1
bioassay, the deletion of nrt1 from PAB038 does not reduce
extracellular NR accumulation. On the contrary, NR levels are
significantly elevated (Figure 2A). These data are consistent with
the recent observation that the single nrt1 mutant is more effective
at cross feeding of the qns1 strain than is a wild-type strain [11]. By
comparison to qns1 growth in SDC media supplemented with a
known concentration of purified NR (Figure 2A), we estimate that
the NR non-salvaging strain, PAB038, produces at least 1 mM
extracellular NR when incubated to an OD of 3, whereas the NR
non-salvaging and NR non-importing strain, PAB076, produces at
least 2 mM extracellular NR under the same growth conditions.
We hypothesized that excessive NR accumulates in the media of
nrt1 mutants because NR export is Nrt1-independent. If strain

like NR, NA is also an exported metabolite, and that production
and export of extracellular NA from extracellular Nam depends on
the intracellular nicotinamidase, Pnc1, but not the NA transporter,
Tna1. The data indicate that NAD+ metabolism has an
extracellular component that works in conjunction with intracellular metabolic pathways to regulate intracellular NAD+ precursor
levels, store vitamins extracellularly, and potentially cross-feed
other cells.

Results
NR export is Nrt1 independent
In yeast, NR supplementation can bypass the lethality of
deletion of glutamine-dependent NAD+ synthetase, QNS1, [8] and
extend replicative lifespan [9]. In addition to being an imported
vitamin, NR is also an intracellular [17] and a secreted metabolite
[11,16]. On the basis of our discovery of the specific NR
transporter, Nrt1 [7], we became interested in whether the
transporter is responsible for the observed NR export activity. The
NR-non-salvaging genotype nrk1 urh1 pnp1 (strain PAB038,
Table 1) has reduced intracellular NAD+ levels [9] and exports
detectable levels of NR [11,16]. To test whether Nrt1 is required
for NR export from PAB038, we created strain PAB076 in which
the NRT1 gene in the PAB038 strain was deleted and replaced by
a URA3 marker gene.
Extracellular NR can be detected using a qns1 bioassay [11,16]
that relies on the NR auxotrophy of the qns1 strain [8]. Qns1
activity is required for both de novo NAD+ biosynthesis and the
utilization of NA and Nam (Figure 1). Because all other routes to
NAD+ biosynthesis depend on Qns1, growth of the qns1 strain can
be used to detect the presence of NR [8]. In the qns1 bioassay
assay, strains tested for NR export are grown overnight in SDC.
The growth of the qns1 strain is then assayed in a 1:1 mixture of
conditioned media and fresh 2x SDC such that the extent of qns1
growth is proportional to the extracellular concentration of NR.
PLoS ONE | www.plosone.org

Table 1. S. cerevisiae strains used in this study.

Strain

Genotype

Reference
[24]

BY4742

MATa his3D1 leu2D0 lys2D0 ura3D

BY165-1D

qns1::URA3 pB175

[8]

PAB008

BY4742 tna1D::kanMX4

This work

PAB011

BY4742 nrt1D::kanMX4

[7]

PAB038

BY4742 pnp1D::kanMX4 urh1::NAT nrk1D::HIS3

[9]

PAB041

BY4742 pnc1D::kanMX4

This work

PAB075

BY4742 nrt1D::kanMX4 fun26D::URA3

[7]

PAB076

BY4742 pnp1D::kanMX4 urh1::NAT nrk1D::HIS3
nrt1D::URA3

This work

PAB077

BY4742 tna1D::kanMX4 pnc1D::URA3

This work

doi:10.1371/journal.pone.0019710.t001
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Figure 3. Intracellular NR is Reduced by nrt1 Deletion and
Intracellular NAR is Strikingly Increased by NA Supplementation. Intracellular NAD+ metabolite measurements by LC-MS indicate
that nrt1 deletion reduces intracellular NR and that NA supplementation
particularly increases the intracellular NAR fraction.
doi:10.1371/journal.pone.0019710.g003
Figure 2. NR Export is Nrt1-Independent and Increased by NA
and Nam Supplementation. A) NR exported by NR-accumulating
strain PAB038 is not diminished but is rather increased by deletion of
the NR transporter gene, NRT1, in strain PAB076. Conditioned media,
collected from BY4742, PAB038 and PAB076 cells, grown in SDC media
to a OD600 nm of 3, were mixed 1:1 with fresh media and evaluated for
their support of qns1 growth. The extent of qns1 growth on these
conditioned media samples was compared to qns1 growth on fresh SDC
supplemented with chemically synthesized NR (n = 3). B) NR export can
be increased by supplementation of PAB076 with NA or Nam.
Conditioned media, collected from BY4742 and PAB076 grown in SDC
media supplemented with the indicated concentrations of NA or Nam,
were evaluated for their support of qns1 growth.
doi:10.1371/journal.pone.0019710.g002

method to increase NR export from PAB076 would be to
supplement yeast with the inexpensive NAD+ precursors, NA or
Nam. Supplementation with NA or Nam would replenish the
NAD+ lost in production and export of NR. In addition NA
supplementation leads to the overexpression of Isn1, the NRproducing 59 nucleotidase [16], which may lead to higher NR
production.
We used the qns1 bioassay (Figure 2B) to survey the
accumulation of NR in media conditioned by PAB076 in the
presence of 1 mM NA or 1 mM Nam. Supplementation
substantially increased the amount of NR produced. The extent
of qns1 growth was higher than growth provided by supplementation of SDC with 3 mM NR (Figure 2A–B), indicating that the
concentration of NR in conditioned media was greater than 6 mM.
To quantify extracellular NR, we employed MALDI-MS with a
spiked-in 18O-labeled NR standard. We found that wild-type yeast
exported NR to a level of 0.1260.4 mM (Table 2). By comparison,
the NR non-salvaging PAB038 strain increased NR accumulation
ten-fold to 1.2 mM60.4 mM and further deletion of NRT1 in strain
PAB076 increased NR accumulation another ,three-fold to
4.060.9 mM (Table 2). Growing strains PAB038 and PAB076 in
the presence of 1 mM NA increased NR accumulation to
3.961.5 mM and 7.761.1 mM, respectively. Growing the NRexporting strain in 1 mM Nam or supplementing with both NA
and Nam did not further improve NR production above the levels
produced by PAB076 supplemented with 1 mM NA.
We also quantified intracellular NAD+ metabolite levels using
LC-MS in strains incubated with 1 mM NA. We found that
intracellular levels of NA, Nam, NAR, NaMN, NMN and NAD+
are elevated by supplementation with 1 mM NA in all strains
tested (Figure 3, Figure 4). This is evidence for an increase in net
NAD+ biosynthesis [17]. Interestingly, the increase in intracellular
NR content of cells supplemented with 1 mM NA was
substantially less than the increase of intracellular NAR and other
elevated NAD+ metabolites, consistent with the exit of this
compound from cells.
By adding NA or Nam, we were able to double accumulation of
extracellular NR. To further increase production of NR, we

PAB076 exports NR that cannot be re-imported, this would result
in higher extracellular and reduced intracellular NR in this strain.
To test this hypothesis, we assayed the intracellular concentrations
of the core NAD+ metabolome using a recently developed LC-MS
assay [16,17]. We found that the concentration of NR in yeast
lysates is reduced by ,57% from 42.763.5 mM to 18.262.0 mM
when NRT1 is deleted from the NR-nonsalvaging strain (Figure 3).
All other NAD+ metabolites including NAR are unaffected by
deletion of NRT1 (Figure 3, Figure 4). These data are consistent
with increased net export of NR in the transporter-free strain.
Moreover, these data indicate that the NR transporter, Nrt1,
functions in NAD+ metabolism even if cells are not specifically
supplemented with NR.

Supplementation with high concentrations of NA or Nam
and growth to high cell densities increases NR export
NR has the potential to become a human dietary supplement
and/or drug for prevention of neurodegenerative conditions or the
treatment of dyslipidemia [14]. One hurdle to the development of
NR as a product for human consumption has been the difficulty
and expense of enzymatic or chemical synthesis [9,12]. Improved
NR export from yeast may provide a simple biological alternative
to the current modes of NR production. Strain PAB076 is an
excellent candidate for biological production of NR because it
produces more NR than any strain identified to date. One possible
PLoS ONE | www.plosone.org
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Table 2. Vitamin supplementation and growth to high OD
increase NR production.

Strain

Media

Supplement

Optical
Density

[NR] (mM)

BY4742

SDC

3 mM

3

0.126.4

PAB038

SDC

3 mM

3

1.2060.4

PAB038

SDC

1 mM NA

3

3.9061.5

PAB076

SDC

3 mM

3

4.0660.9

PAB076

SDC

1 mM NA

3

7.7061.1

PAB076

SDC

1 mM Nam

3

7.1760.2

PAB076

SDC

1 mM NA, 1 mM Nam

3

7.3060.3

PAB076

YPD

1 mM NA

15

10.665.6

PAB076

2x YPD

1 mM NA

21

21.164.6

PAB076

SDC

5 mM NA

7

16.860.3

PAB076

2x SDC

5 mM NA

13

20.864.2

PAB076

2x YPD

5 mM NA

60

28.268.5

doi:10.1371/journal.pone.0019710.t002

examined variables such as genotype, culture time, composition of
media, and cell density. We incubated PAB076 in YPD, 2x YPD,
SDC and 2x SDC media and measured cell density over time.
Surprisingly we found that at 31 and 48 hours, PAB076 grew to an
OD600 nm of 36 and 60 respectively. This cell density was 5 times
higher than the maximum achieved by the other strains. To
explain this phenotype, we incubated multiple related strains
under the same conditions and tracked their growth for 31 hours
(Figure 5). We found that high density growth was only observed
in strains that are prototrophic for uracil. Thus, replacement of
NRT1 with URA3 was fortuitous because URA3 prototrophy allows
the strain to grow to higher cell density.
Testing this strain, we found NR accumulation was related to
increased cell density (Table 2). The highest NR accumulation was
achieved in cells grown in 2x SDC with 5 mM NA and with 2x
YPD supplemented with 5 mM NA. These cultures had NR levels
of 20.864.2 and 28.268 mM at OD600 nm of 13 and 60,
respectively (Table 2).

Extracellular Nam is converted into extracellular NA in a
Pnc1 dependent manner
Examination of the culture media from the NR-exporting
strain, PAB076, when grown with 1 mM Nam suggested that the
strain depletes Nam and accumulates extracellular NA after
overnight incubation (Figure 6A). To test whether the Nam to NA
conversion is cell-dependent or independent, we incubated 1 mM
Nam or NA with the parental laboratory strain, BY4742, or in
conditioned media collected from BY4742, for 18 hours. Under
these conditions, NA levels were stable but Nam was converted to
NA in the presence of cells (Figure 6B). However, Nam was not
converted to NA by incubation with conditioned cell-free media
collected from the same cells. This indicates that the Nam to NA
conversion is cell-dependent and not the result of an extracellular
enzyme activity. We therefore tested the hypothesis that Pnc1, the
intracellular nicotinamidase [5], is required for production of
extracellular NA from supplemented Nam.
As shown in Figure 6C, conversion of extracellular Nam to
extracellular NA was completely abolished in strain PAB041
containing a pnc1 mutation. This figure also shows that
extracellular NR is converted to extracellular NA in a Pnc1dependent manner. However, the final amount of NA produced

Figure 4. The intracellular NAD+ metabolome assayed by LC/
MS. Intracellular NAD+ metabolite measurements by LC-MS in lysates of
the indicated strains grown in SDC media supplemented with 3 mM or
1000 mM NA.
doi:10.1371/journal.pone.0019710.g004
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and eluted between 20 and 50 mM NaCl in fractions 27 to 36.
The majority of these fractions were .98% pure NR, although
early fractions contained trace amounts of NA. Each fraction was
concentrated by lyophilization and NR was quantified by
absorbance at 259 nm [8]. Total recovery was ,700 mg of NR
(5.6 mg/l culture), which represented a 70% yield of the cultural
concentration of NR (8 mg/l) as determined by MALDI-MS.
Biological assays of NR from fraction 28 and from pooled fractions
31 to 34 were indistinguishable from chemically or enzymatically
synthesized NR [9,10] (Figure 7C). Process optimization steps,
such as continuous fermentation and/or extraction, have not yet
been examined. Further genetic improvements might include
engineered overexpression of the NMN 59-nucleotidase activities
[16].

Discussion
We set out to determine the role of the NR-specific transporter,
Nrt1, in the efflux of NR by NR-nonsalvaging yeast cells and
found that the transporter is not responsible for metabolite export.
This initial experiment led us to identify three novel aspects of
vitamin metabolism in yeast. First, neither the NR transporter,
Nrt1, nor the NA transporter, Tna1, is responsible for efflux of the
specific metabolite and deletion of each transporter leads to
increased accumulation of the metabolite into culture media.
Second, we discovered that yeast cells deficient in both NR salvage
and NR import produce large quantities of extracellular NR.
Based on this observation, we developed a novel method to
produce and purify NR with the PAB076 strain, optimized by NA
supplementation, growth and media conditions. Third, we found
that extracellular Nam is rapidly converted to extracellular NA in
a manner that depends on intracellular Pnc1 activity. These
specific findings are each surprising and the extracellular nature of
NAD+ metabolism in the unicellular fungus, S. cerevisiae, was not
anticipated.
Whether a specific gene product is responsible for NR and NA
export remains a mystery. Candidates for this activity include the
group of multidrug resistance transporters of which there are more
than 25 predicted members in yeast [18]. Multidrug resistance
efflux pumps include the ATP-binding cassette superfamily and
the MFS transporters [19]. One of the most striking characteristics
of these exporters is the apparent lack of specificity for their
transported cargo [19,20,21]. For example, yeast Pdr5 has as
many as three active sites, each required for recognition of
different groups of molecules [20]. In many cases, molecular size is
the only specificity determinant [20]. It is therefore not unlikely
that NR and NA efflux is accomplished by the nonspecific
activities of multiple gene products.
The unanticipated export of NA and NR by yeast cells may play
an important role in the regulation of intracellular NAD+
homeostasis. Export of vitamins may regulate intracellular enzyme
activities by keeping substrate levels within an optimal range. For
example, by converting Nam into NA and then exporting the
product, cells may be deploying a mechanism to reduce the
inhibitory effect of Nam on Sirtuins [5,6]. In addition, transport to
culture medium may be a reserve mechanism to store vitamins for
later use and to feed other members of the colony. The
permissivity of vitamin export without a specific transporter and
he apparent transcriptional derepression of NRT1 and TNA1
[7,10] at low sirtuin activity make possible a system in which
excessive precursors are stored outside cells and taken up by other
cells when needs arise [22]. Because cell to cell communication
plays such important roles in metazoans, it will be interesting to
look for nutrient-regulated vitamin export in other systems.

Figure 5. High density growth depends on URA3. The indicated
strains were grown in the indicated media. Cell density was followed by
OD(600 nm). The data indicate that strains that are wild-type for URA3
grow to higher density than ura3 mutants.
doi:10.1371/journal.pone.0019710.g005

form 1 mM extracellular NR is substantially less than the amount
of NA produced from 1 mM Nam, presumably because a
substantial fraction of NR metabolism flows to NMN production
(Figure 1) [9].
Metabolism of extracellular Nam to extracellular NA requires
two independent transport events: Nam import and NA export.
To test whether the high affinity NA transporter, Tna1, is required
for NA efflux, we examined extracellular Nam to NA conversion
in the parental wild-type strain BY4742 versus a tna1 mutant
strain, PAB008. As shown in Figure 6C, PAB008 produced higher
levels of NA than BY4742, indicating that Tna1 is not required for
NA efflux. The fact that the transporter mutant strain exhibited
greater NA accumulation indicates that PAB008 has higher net
export of NA because of a reduction of high affinity NA import by
the tna1 deletion. A time course of NA accumulation in the two
isogenic strains supports this mechanism (Figure 6D): deletion of
Tna1 promotes increased net NA accumulation.

Purification of NR from PAB076-conditioned media
To determine if the biology of bidirectional NR transport could
be exploited to produce NR, we grew a 150 ml culture of PAB076
in 2x YPD, supplemented 5 mM NA, to an OD600 nm of 60
(Figure 7A). To extract NR from culture medium, we implemented a two-step process: concentration of NR by lyophilization/
methanol extraction and separation of NR via SP-sephadex
chromatography in a NaCl gradient (Figure 7B). NA and the
majority of UV-absorbing media components eluted in the first
100 ml of fractions (0 mM NaCl). NR was retained by the resin
PLoS ONE | www.plosone.org
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Figure 6. Extracellular Nam is Converted into Extracellular NA in a Pnc1-Dependent Manner. A) PAB076 cells grown in SDC media
supplemented with 1 mM Nam produce a strong HPLC peak of extracellular NA after 18 hour of incubation. Two chromatograms are presented: one
taken before exposure to PAB076 and the other after 18 hours of incubation. B) To determine whether Nam can be converted to NA simply by
exposure to cell-free conditioned culture media, media supplemented with 1 mM NA or 1 mM Nam were analyzed by HPLC after exposure to cells or
cell-free conditioned media. The data indicate that Nam is stable in cell-free conditioned media and depends on cells for conversion to NA. C) HPLC
traces of media from yeast strains grown with Nam or NR supplementation. The absence of an NA peak in the PAB041 and PAB077 strains indicates
that NA production is PNC1 dependent. The robust NA peak in the PAB008 strain indicates that NA export is TNA1-independent. D) Quantification of
extracellular NA content in media from WT cells (dark circles) and tna1 cells (open circles) grown in SDC media supplemented with 1 mM Nam. The
data indicate that cells without a transporter of NA accumulate greater extracellular NA.
doi:10.1371/journal.pone.0019710.g006

on SDC with 0.1% 5-fluoroorotic acid and 10 mM NR to select for
loss of pB175 [8]. The resulting strain was maintained on NRcontaining media at all times. Conditioned media were prepared
by incubating the specified yeast strains in the indicated media.
After 18 hours, cells were removed by centrifugation and filtration.
Conditioned media were retained and mixed in a 1:1 ratio with
fresh 2x SDC. Plasmid-free BY165-1d was incubated in the
resulting media and NR-dependent growth of this strain was
measured by optical density.

Materials and Methods
Yeast strains and media
All S. cerevisiae strains used in this study were derivatives of the
laboratory strain, BY4742. Construction of single gene deletion
strains has been described [23]. Additional deletions were created
by direct transformation with PCR products [24]. Strain
genotypes are in Table 1. Sequences of oligonucleotide primers
are provided in supplementary materials.
NA-free synthetic dextrose complete (SDC) medium and its
vitamin-supplemented forms have been described [9,25]. 2x SDC
and 2x yeast extract/peptone/dextrose (YPD) media were
prepared as the more concentrated forms of the common
preparations.

Metabolite quantification
NR content in conditioned media was measured using matrixassisted laser desorption ionization (MALDI) MS. A heavy
standard of NR was synthesized from hydrolysis of cyanopyridine
in 18O water to produce 18O Nam [27], followed by chemical
synthesis of heavy NR from heavy Nam [28]. Prior to MALDI-MS
measurement, 18O NR was added to media to a final
concentration of 10 mM as an internal standard. 1 ml of

NR bioassay
Strain BY165-1D, containing a deletion of the qns1 gene and
carrying the URA3-based QNS1 plasmid pB175 [26], was plated
PLoS ONE | www.plosone.org
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Figure 7. Purification of NR from PAB076-Conditioned Media. A) HPLC trace of media collected from strain PAB076 grown to OD 60 in 2x
YPD and supplemented with 5 mM NA. B) Preparative SP-Sephadex chromatography with fractions analyzed by HPLC. NR eluted at 20 to 50 mM NaCl
in fractions 27 to 36. C) Intracellular NAD+ determination of strain BY4742 grown in NA-free SDC media and NA-free SDC media supplemented with
10 mM NR from fractions produced in panel B.
doi:10.1371/journal.pone.0019710.g007

conditioned media was then mixed with 1 ml of 50% acetonitrile
saturated with 2,5-dihydroxy benzoic acid matrix and allowed to
air-dry. Mass spectra were collected on an ABI Voyager-DE Pro
MALDI-time of flight MS and the ratio of the labeled standard to
unlabeled NR was used to determine the NR concentration. To
quantify levels of the intracellular NAD+ metabolome, we utilized
an LC-MS method as described [16,17]. Extracellular NA, Nam
and NR were also measured using HPLC. Media samples were
injected directly onto a PrincetonSPHER60 SAX 5 mm
(25064.6 mm) column and separated isocratically with 20 mM
KH2PO4 as the mobile phase. Metabolites were detected by
absorbance at 260 nm and quantified by comparison to a standard
curve.

Samples were then lyophilized again and resuspended in 5 ml of
water. Aqueous samples were separated on a 10 ml SP-Sephadex
column with NaCl as the mobile phase. Fractions were analyzed
by HPLC. NR, which eluted at 25 to 50 mM NaCl, was
confirmed by MALDI-MS, by support of growth of the qns1 yeast
strain [8], and, as shown in Figure 4D, by the ability to elevate
intracellular NAD+ in wild-type yeast [9].

Statistical methods
All measurements were performed at least three times. Data are
reported as means of biological triplicates or quadruplicates 6
standard deviations.

Author Contributions

NR extraction and purification

Conceived and designed the experiments: PB CB. Performed the
experiments: PB RS CRE. Analyzed the data: PB RS CRE CB.
Contributed reagents/materials/analysis tools: KLB. Wrote the paper:
PB CB.

PAB076 was cultured in 500 ml of 2x YPD to an OD600 nm of
60 (,60 hours). Media samples were frozen at 280uC in 150 ml
portions and lyophilized. Each pellet was then resuspended in
25 ml of cold methanol, which solubilized the NR but left the
majority of the contaminants in the pellet after centrifugation.

References
1. Llorente B, Dujon B (2000) Transcriptional regulation of the Saccharomyces
cerevisiae DAL5 gene family and identification of the high affinity nicotinic acid
permease TNA1 (YGR260w). FEBS Lett 475: 237–241.

PLoS ONE | www.plosone.org

2. Klebl F, Zillig M, Sauer N (2000) Transcription of the yeast TNA1 gene is not
only regulated by nicotinate but also by p-aminobenzoate. FEBS Lett 481:
86–87.

7

May 2011 | Volume 6 | Issue 5 | e19710

Transporter-Independent Vitamin Export

3. Preiss J, Handler P (1958) Biosynthesis of diphosphopyridine nucleotide. I.
Identification of intermediates. J Biol Chem 233: 488–492.
4. Preiss J, Handler P (1958) Biosynthesis of diphosphopyridine nucleotide. II.
Enzymatic aspects. J Biol Chem 233: 493–500.
5. Ghislain M, Talla E, Francois JM (2002) Identification and functional analysis of
the Saccharomyces cerevisiae nicotinamidase gene, PNC1. Yeast 19: 215–224.
6. Anderson RM, Bitterman KJ, Wood JG, Medvedik O, Sinclair DA (2003)
Nicotinamide and PNC1 govern lifespan extension by calorie restriction in
Saccharomyces cerevisiae. Nature 423: 181–185.
7. Belenky PA, Moga TG, Brenner C (2008) Saccharomyces cerevisiae YOR071C
Encodes the High Affinity Nicotinamide Riboside Transporter Nrt1. J Biol
Chem 283: 8075–8079.
8. Bieganowski P, Brenner C (2004) Discoveries of nicotinamide riboside as a
nutrient and conserved NRK genes establish a Preiss-Handler independent
route to NAD+ in fungi and humans. Cell 117: 495–502.
9. Belenky P, Racette FG, Bogan KL, McClure JM, Smith JS, et al. (2007)
Nicotinamide riboside promotes Sir2 silencing and extends lifespan via Nrk and
Urh1/Pnp1/Meu1 pathways to NAD+. Cell 129: 473–484.
10. Belenky P, Christensen KC, Gazzaniga F, Pletnev AA, Brenner C (2009)
Nicotinamide Riboside and Nicotinic Acid Riboside Salvage in Fungi and
Mammals: QUANTITATIVE BASIS FOR Urh1 AND PURINE NUCLEOSIDE PHOSPHORYLASE FUNCTION IN NAD+ METABOLISM. J Biol
Chem 284: 158–164.
11. Lu SP, Kato M, Lin SJ (2009) Assimilation of endogenous nicotinamide riboside
is essential for calorie restriction-mediated life span extension in Saccharomyces
cerevisiae. J Biol Chem 284: 17110–17119.
12. Yang T, Chan NY, Sauve AA (2007) Syntheses of nicotinamide riboside and
derivatives: effective agents for increasing nicotinamide adenine dinucleotide
concentrations in mammalian cells. J Med Chem 50: 6458–6461.
13. Sasaki Y, Araki T, Milbrandt J (2006) Stimulation of nicotinamide adenine
dinucleotide biosynthetic pathways delays axonal degeneration after axotomy.
J Neurosci 26: 8484–8491.
14. Bogan KL, Brenner C (2008) Nicotinic Acid, Nicotinamide, and Nicotinamide
Riboside: A Molecular Evaluation of NAD(+) Precursor Vitamins in Human
Nutrition. Annu Rev Nutr 28: 115–130.
15. Tempel W, Rabeh WM, Bogan KL, Belenky P, Wojcik M, et al. (2007)
Nicotinamide Riboside Kinase Structures Reveal New Pathways to NAD(+).
PLoS Biol 5: e263.
16. Bogan KL, Evans C, Belenky P, Song P, Burant CF, et al. (2009) Identification
of Isn1 and Sdt1 as glucose- and vitamin-regulated nicotinamide mononucle-

PLoS ONE | www.plosone.org

17.

18.

19.
20.

21.

22.
23.

24.

25.
26.

27.

28.

8

otide and nicotinic acid mononucleotide [corrected] 59-nucleotidases responsible
for production of nicotinamide riboside and nicotinic acid riboside. J Biol Chem
284: 34861–34869.
Evans C, Bogan KL, Song P, Burant CF, Kennedy RT, et al. (2010) NAD+
metabolite levels as a function of vitamins and calorie restriction: evidence for
different mechanisms of longevity. BMC Chem Biol 10: 2.
Vargas RC, Tenreiro S, Teixeira MC, Fernandes AR, Sa-Correia I (2004)
Saccharomyces cerevisiae multidrug transporter Qdr2p (Yil121wp): localization
and function as a quinidine resistance determinant. Antimicrob Agents
Chemother 48: 2531–2537.
Prasad R, Gaur NA, Gaur M, Komath SS (2006) Efflux pumps in drug
resistance of Candida. Infect Disord Drug Targets 6: 69–83.
Golin J, Ambudkar SV, May L (2007) The yeast Pdr5p multidrug transporter:
how does it recognize so many substrates? Biochem Biophys Res Commun 356:
1–5.
Kolaczkowska A, Kolaczkowski M, Goffeau A, Moye-Rowley WS (2008)
Compensatory activation of the multidrug transporters Pdr5p, Snq2p, and
Yor1p by Pdr1p in Saccharomyces cerevisiae. FEBS Lett 582: 977–983.
Lu SP, Lin SJ (2010) Regulation of yeast sirtuins by NAD(+) metabolism and
calorie restriction. Biochim Biophys Acta 1804: 1567–1575.
Winzeler EA, Shoemaker DD, Astromoff A, Liang H, Anderson K, et al. (1999)
Functional characterization of the S. cerevisiae genome by gene deletion and
parallel analysis. Science 285: 901–906.
Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, et al. (1998) Designer
deletion strains derived from Saccharomyces cerevisiae S288C: a useful set of
strains and plasmids for PCR-mediated gene disruption and other applications.
Yeast 14: 115–132.
Wickerham LJ (1946) A Critical Evaluation of the Nitrogen Assimilation Tests
Commonly Used in the Classification of Yeasts. J Bacteriol 52: 293–301.
Bieganowski P, Pace HC, Brenner C (2003) Eukaryotic NAD+ synthetase Qns1
contains an essential, obligate intramolecular thiol glutamine amidotransferase
domain related to nitrilase. J Biol Chem 278: 33049–33055.
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